Localized heavy rainfall that occurred in the Toshima, Chiyoda, Shinjuku, and Bunkyo wards of Tokyo, Japan on 5 August 2008, causing 5 deaths and the flooding of 34 houses above floor level, was observed by the National Research Institute for Earth Science and Disaster Prevention (NIED) X-band polarimetric radar (MP-X). Preliminary analyses of the radar data reveal the following characteristics of the rainfall event. Heavy rainfall occurred in a small area over a short period. The extents of the areas over which 1-hour accumulated rainfall was greater than 50 and 80 mm were about 20 and 5 km 2 , respectively. The maximum total rainfall amount (123 mm) from 11:30 to 13:30 LST was observed by MP-X over Edogawa Elementary School. The thunderstorm initially developed rapidly. Only 15 minutes after the onset of rainfall, a precipitation rate in excess of 100 mm h 1 was observed, continuing for 35 minutes from 11:55 to 12:30 LST. The maximum rainfall rate (153 mm h 1 ) was observed by a raingauge over Edogawa Elementary School at around 12:10 LST. A comparison of MP-X data with surface rain-gauge data reveals that MP-X provides more accurate rainfall information than conventional radar, making it useful in monitoring localized heavy rainfall.
Introduction
Isolated thunderstorms occurred across the Kanto area of Japan on 5 August 2008 as a result of unstable atmospheric conditions caused by a moist southerly air flow encountering a stationary frontal system. Localized heavy rainfall associated with one of the thunderstorms caused flooding in downtown Tokyo. Five sewerage workers became missing, presumed drowned, in a sewerage tunnel in the Zoshigaya district of Toshima-ward, Tokyo, following a sudden rise in water level (Bureau of Sewerage of Tokyo Metropolitan Government 2008). Thirty-four houses in the Chiyoda, Shinjuku, and Bunkyo wards of Tokyo were flooded above floor level (Bureau of General Affairs of Tokyo Metropolitan Government 2008).
Because the rainfall was concentrated in a small area, it was not sufficiently detected by operational radar or the rain gauge network of the Automated Meteorological Data Acquisition system (AMeDAS) operated by the Japan Meteorological Agency (JMA). In contrast, the X-band polarimetric research radar network (X-NET; Maki et al. 2008) detected the localized rainfall with high temporal and spatial resolution. This paper describes the results of a preliminary analysis of X-band polarimetric radar data observed at Ebina city, Kanagawa Prefecture, which is one of the research radars of X-NET.
X-band polarimetric radar observations
Recent studies on radar measurements of rainfall reveal that polarimetric radar is a useful tool in meteorological and hydrological applications (e.g., Bringi and Chandrasekar 2001 and references therein). The application of the differential propagation phase as a powerful measure of rainfall has led to strong interest in polarimetric radar because differential phase measurement has a weaker dependence on variable drop size, rainfall attenuation, beam blockage, hail presence and errors associated with the calibration of radar hardware (e.g., Matrosov et al. 1999; Chandrasekar et al. 2002; Matrosov et al. 2002; Anagnostou et al. 2004; Maki et al. 2005b; Matrosov et al. 2005; Park et al. 2005; Maki et al. 2006) . Radar that operates at relatively short wavelengths, such as X-band (3 cm wavelength) radar, is the most useful in dedicated hydrological applications because it is possible to achieve fine spatial resolution, is easy to set up in urban or mountainous areas, and is less expensive than S-and C-band wavelength radar.
The success of X-band polarimetric radar has led to a re-evaluation of its usefulness in operational rainfall measurements. The construction of an X-band polarimetric radar network in the Tokyo Metropolitan Area (X-NET) was initiated in 2006 to study urban meteorological disasters (Maki et al. 2008) . Figure 1 shows the observation area of an X-NET radar (MP-X) established at Ebina city, Kanagawa prefecture, Japan. MP-X has been in operation since 2003, with the aim of providing improved, quantitative, polarimetric estimates of precipitation (Maki et al. 2005a) .
To estimate rainfall distribution, volume-scan radar data are collected every 5 minutes from PPI scans at five elevation angles (from 0.7°to 4.5°). The rain rate is calculated using the composite method, as proposed by Park et al. (2005) . This approach is based on R-KDP and R-Z relationships, where R, KDP, and Z are the rain rate, specific differential phase, and reflectivity factor, respectively. The rain rate is interpolated from the radar coordinates (1°× 0.1 km) onto a Cartesian horizontal grid (0.5 km × 0.5 km) using a Cressman weighting scheme (Cressman 1959) . The three dimentional weighting function w is products of horizontal and vertical weighting function (wh, wv) using Cressman function (i.e., w = wh × wv). These are calculated with a radius and altitude of influence respectively. The radius of influence is linear function of the distance from the radar. The altitude of influence is a height of the melting band, which is 1km below 0°C altitude estimated by the operational mesoscale forecast (MSM). The radius of influence near Zoshigaya was 0.51 km and the altitude of weight center (i.e., height of interpolated value) was 1.58 km. The interpolation method above is useful for monitoring heavy rainfall.
The target area of the present study is outlined by the dashed rectangle in Fig. 1 . This includes the site at which five sewerage workers went missing on 5 August 2008 in a sewerage tunnel beneath Zoshigaya district following a sudden rise in water levels. The torrential rainfall that fell on this day also caused flood damage. From 12:00 to 13:00 LST, echo cells were stagnant in the target area. From 13:00 LST, the movement direction of echo cells changed to northwestward. The individual echo cells were so small in horizontal extent that some were inadequately detected by the surface raingauge network operated by JMA; however, the NIED MP-X succeeded in detecting and monitoring the detailed structure of heavy rainfall in the target area. The following sections consider the results of a preliminary analysis of these MP-X radar data. Figure 3a shows rainfall distribution within target area, as observed by MP-X. Supplement 2 shows temporal changes in the rainfall distribution. According to Supplement 2a, MP-X detected a single thunderstorm (echo cell "A") in the southern part of the target area (35.65°N 139.68°E) at 11:05 LST, with an echo intensity of 10 20 mm h 1 and horizontal extent of about 3 km. The echo cell developed rapidly during the following 5 minutes, with rainfall intensity in the southern part of the echo cell increasing to 40 60 mm h 1 . The echo cell moved northeastward from 11:20 to 11:30 LST, maintaining its intensity, and intensified at 11:35 LST, with a rainfall rate exceeding 60 mm h 1 observed at 11:35 LST in its southeast part (echo cell "B"). This strong rain core moved north-northeastward while increasing in intensity and size.
Results
A new echo cell ("C") with an intensity below 10 mm h 1 appeared about 2 km northwest of Zoshigaya at 11:35 LST. The rain rate increased in the southwest part of the echo cell, reaching 40 60 mm h 1 ; three echo cells became aligned north-northeastward over Zoshigaya by 11:45 LST. The central echo cell ("D") of these three developed over rain gauge (E) in Fig. 3a , and showed an increase in rain rate to 100 mm h 1 by 11:55 LST. From 11:55 to 12:10 LST, a merging of strong rainfall areas appears to have occurred between echo cell "D" and echo cell "B", originating from the southeast. The echo cell maintained a maximum rain rate above 100 mm h 1 for 35 minutes (from 11:55 to 12:30 LST). Figure 3b and Supplement 2b show rainfall distribution and temporal changes in the distribution observed by JMA operational C-band radar, which operates every 10 minutes with a spatial resolution of 1 km. The radarderived rainfall estimates were adjusted based on AMeDAS rain-gauge data. There exists a clear difference in rainfall distribution between Figs. 3a and 3b (Supplements 2a and 2b). The JMA radar did not adequately detect the long-lasting echo cell "D", and failed to detect some of the detailed structure provided by MP-X. The comparison demonstrates the advantage of Xband polarimetric radar over conventional methods in terms of quantitative estimates of precipitation.
The long-lasting, strong echo cell "D" in Fig. 3a 90 Fig. 2 . MP-X rainfall distribution at 12:10 in the Kanto Plain. : AMeDAS rain gauges operated by JMA. The dotted rectangle represents the analysis area, which includes Zoshigaya and flooded areas. Gray radial areas in the figure represent extinction regions where the radar signals are below noise levels due to severe rainfall attenuation. The time change of the distribution from 10:00 to 13:30 LST is given in Supplement 1. : rain gauges (Tokyo Metropolitan Government), : site in Zoshigaya where five sewerage workers were washed away during the storm. The time change of the distribution from 11:00 to 14:00 LST is given in Supplement 2.
(Supplement 2a) contributed to the amount of accumulated rainfall recorded at the surface. Figure 4a shows the hourly accumulated rainfall amount from 12:00 to 13:00 LST. Heavy rainfall occurred in a small area over a short period. The extents of the areas in which the hourly accumulated rainfall amount exceeded 50 and 80 mm were 23 and 4.5 km 2 (0.25 km 2 × 192 and 18 grids), respectively.
The results of spatial correlation analysis of the accumulated rainfall distribution show that the correlation distances (i.e., the distance at which the correlation drops to e 1 ) are 2.9 km in a northeast southwest direction and 3.5 km in a northwest southeast direction (figure not shown). These short correlation distances are a feature of the localized heavy rainfall described in the present paper, as previous studies report an average minimum correlation distance for storms of about 8 km (Morin et al. 2003) or 4 5 km (Gebremichael and Krajewski 2004) for 15-minute accumulated rainfall amounts.
The MP-X rainfall data can be validated with reference to surface rain-gauge data collected by the Tokyo Metropolitan Government and JMA. Figure 4b shows scatter plots of MP-X accumulated rainfall data versus surface rain-gauge data. The two data sets are in good agreement, with a difference of about 20% in the observed maximum rainfall amount between MP-X radar (86 mm) and surface rain gauge (109 mm). It should be noted that MP-X radar data are not corrected based on gauge data, which is usually done in the case of conventional radar data. Figure 5a shows the accumulated rainfall (JMA Radar-AMeDAS analysis) for the same period as that shown in Fig. 4a . The Radar-AMeDAS analysis represents JMA operational radar data adjusted based on AMeDAS rain gauges. Figure 5a reveals that the Radar-AMeDAS does not detect the rainfall area in which the total rainfall amount exceeded 80 mm. Scatter plots of RadarAMeDAS rainfall versus surface rain-gauge data (Fig.  5b) reveal that Radar-AMeDAS rainfall tends to be underestimated compared with rain gauge data, probably due to a lack of available AMeDAS rain-gauge data in localized areas of heavy rainfall. Figure 6 shows temporal changes in rain rate estimated from MP-X radar, JMA radar, and surface rain gauges at three different points: (T) Toshima sub-branch of the Bureau of Sewerage of Tokyo Metropolitan Government, which is the closest gauge to the site where the sewerage workers went missing at Zoshigaya; (E) Edogawa Elementary School, where the maximum accumulated rainfall amount (117 mm) was recorded by rain gauge; and (D) Daiichi Junior High School, where the second-largest maximum accumulated rainfall amount (81 mm) was recorded by rain gauge. The distance between Toshima sub-branch and Edogawa Elementary School is 2.2 km, and the distance between Daiichi Junior High School and Edogawa Elementary School is 1.2 km. It is interesting that the temporal pattern of rainfall is different at each of the points, even across distances of only 1 2 km.
The MP-X rainfall rate is in good agreement with the gauge data, except for the 10 minutes from 11:50 to 12:00 LST (Fig. 6E) ; in contrast, JMA radar underestimates the rain rate, being less than half that of the rain gauge measurements during the period from 12:10 to 12:50 LST (Fig. 6E) . Similar trends are found from 12:40 to 13:00 LST in Fig. 6 (T) and from 12:10 to 12:50 LST in Fig. 6(D) .
The discrepancy between MP-X and rain gauge data during the period from 11:50 to 12:10 LST (Fig. 6E) reflect the nature of the vertical rainfall profile. MP-X rainfall information is derived from PPI scans at five elevation angles (from 0.7°to 4.5°). The rain rate at a certain grid point is calculated from the value in the 3-D space of influence using Cressman interpolation methods. Thus, it is possible that MP-X radar detects upper rainfall that is not observed by a surface rain gauge. This possibility is especially likely during the early stages of convective rainfall. The effect of weighing function (wh, wv) and the radius and altitude of influence on the estimated rainfall amount maybe necessary to examine for the quantitative precipitation estimate (QPE).
Conclusion
The present paper describes the results of a preliminary analysis of localized heavy rainfall that occurred on 5 August 2008 in the Tokyo Metropolitan Area, Japan and that resulted in five casualties and flooding above floor level in 34 houses. We analyzed data for this event from an X-band polarimetric research radar operated by NIED, operational C-band radar data collected by JMA, Radar-AMeDAS rainfall analysis data, and surface rain-gauge data collected by the Tokyo Metropolitan Government.
X-band polarimetric radar data reveal the detailed spatial structure of the localized rainfall distribution, which was not adequately detected by JMA operational radar. According to MP-X data, the heavy rainfall was concentrated in a small area and occurred over a short period. The extents of the areas in which the 1-hour accumulated rainfall amount exceeded 50 and 80 mm were about 20 and 5 km 2 , respectively. MP-X radar observations indicate a progressive increase in the rain rate at the target site, with a maximum accumulated rainfall amount of 70 mm h 1 over a 10-minute period during the initial stages of the storm. The accumulated rainfall amount exceeded 50 mm (the critical rainfall amount for urban flooding in Tokyo) within 30 minutes of the onset of rainfall.
Although MP-X radar could detect the localized rainfall of 5 August 2008, the temporal resolution of the observations is not necessarily sufficient. The evolution of a pulse-type thunderstorm occurs within 5 minutes. Radar observations with greater temporal resolution are therefore required to detect and monitor localized heavy rainfall. A further study is also necessary to understand the mechanism of the development of the localized heavy rainfall presented in this paper. Useful data in this regard would include the three-dimensional wind field retrieved from multiple X-NET Doppler radar data and microphysical properties derived from polarimetric radar parameters. The present analysis is ongoing and will be further summarized in subsequent publications.
